to this family due to their layered structure combined with high anisotropy; their special, but still uncertain and interesting, magnetic orderings 1, 2 ; and their potential applications as cathode material for secondary batteries, 3 ion-exchange applications, 4 ferroelectric materials, 5 and non-linear optically active materials, 6, 7 as well as their very interesting potential to yield molecular magnets via the intercalation of exotic polymer layers. [9] [10] [11] [12] Bulk MnPS 3 is a layered honeycomb lattice quasi-2-dimensional antiferromagnet, 1 and studies of its magnetic properties and neutron spectra have reported powder and crystal materials with a Néel ordering temperature T N ¼ 78 K and a large spin potential (S ¼ 5/2) of the Mn ions, but there have been no reports on the magnetic properties and magnetocaloric effect of its special nanostructure form as yet.
A polycrystalline nanoparticle sample of MnPS 3 was prepared via the ion-exchange solvothermal method according to the literature. , indicating that the crystal structure of the MnPS 3 nanoparticles belongs to space group C2/m. The peaks of nanoparticles are much broader than those of the bulk materials due to the smaller particle size and the lattice distortion due to the nanosize. Only {00 l} Bragg peaks are detectable, and the individual peaks show water tails, i.e., Warren tails, 14 suggesting that the system is a monolayer or consists of restacked monolayers with a water stabilized structure. Frindt et al. have exfoliated the layered compounds MnPS 3 and CdPS 3 to form single molecular layers in suspension in water using the same ion exchange method.
14 Our XRD results are the same as in their reports, indicating that our nanoparticles are restacked single molecular layers separated by crystallised H 2 O. The H 2 O separates the individual molecular layers and stabilizes the restacked structure. The XRD data also show a nearly pure single phase, as there is not an obvious impurity peak in Fig. 1(a) . The morphology of the MnPS 3 nanoparticles was investigated via SEM, as shown in Fig. 2 (b). The MnPS 3 is shown to have platelet shaped particles 10 to 20 nm thick with a diameter distribution range of 20 to 50 nm.
The temperature dependence of the susceptibility (v) under zero field cooling and field cooling in a field H ¼ 100 Oe is plotted in the inset of Fig. 2(a) . The temperature dependence of the inverse susceptibility (1/v) and the Curie constant C CW (T) : vT are also shown in Fig. 2(a) . There is no sign of any long-range ordering temperature for these MnPS 3 nanoparticles from the v-T, 1/v-T, and vT-T curves.
The 1/v-T curves for temperatures > 150 K have been fitted by using the Curie-Weiss formula (
The fitting and calculation results show unusual features: a very large C CW ¼ 23.3 emu/mol, l eff ¼ 13.6 l B , and H CW ¼ À519 K under field H ¼ 100 Oe. Selected inverse susceptibility (1/v)-T curves under different fields are shown in Fig. 2(a) , and the fitting results are plotted in Fig. 2(b) .
The fitting and calculations indicate that this system presents unusual electronic and spin features, including a large effective magnetic moment (l eff ¼ 13.6 l B ) under a field of 100 Oe, which is double the molecular field theoretical Mn 2þ ion local spin moment l eff
for Mn 2þ ion). However, the effective magnetic moment (l eff ) presents strong field dependence; for example, l eff decreases from 13.6 l B under a field of 100 Oe to 5.9 l B under fields >20 kOe, as shown in the inset of Fig. 2(b) , which presents the non-linear field-polarization characterization of the 2D electron system. 17 Also, a)
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0021-8979/2012/111(7)/07E144/3/$30.00 V C 2012 American Institute of Physics 111, 07E144-1 H CW ¼ À519 K, and the possible long range ordering temperature < 2 K, so the system's frustration factor f ¼ H CW / T C (T N ) > 259.5, where a high value of f indicates that the system has fallen into strong disordered electron and spin competing interaction.
Our analysis of v, the heat capacity (C P ) measurements, and Wilson's ratio (R W , also known as the Sommerfeld ratio) support the conjecture that the possible spin-liquid-like abnormal spin behavior might emerge from this system. As shown in Fig. 2(a) , when the temperature <8 K (100 Oe), v has a linear relationship with Àlog (T), and all straight lines under different applied fields are nearly parallel to each other, with the field only slightly changing the slope of the line. The log-log plots of the C P /T-T curves under fields from 0 to 9 T are shown in Fig. 2(c) , and the semi-log plots are presented in the inset. The curves do not show any anomalous peaks, but they do show a slight upturn in the lower temperature range. These results again indicate the absence of long-range ordering over the entire measured temperature range. The upturn appearing at the lowest temperatures may be attributed to a nuclear Schottky contribution of the Mn cations in the counteranion, mostly likely the S anions, because the system consists of multi-layered particles by the restacking of monomolecular layers through the insertion of H 2 O and the breaking of S-S bonds. The absence of thermal anomalies is consistent with the abovementioned magnetic susceptibility measurements. Considering the upturn in C P , in order to more accurately evaluate the conduction electron specific heat coefficient c, we directly fitted the low-temperature C P data to the formula
where the values for the coefficients are A ¼ 0.25 mJ K mol
for H ¼ 0 T. Similarly, we directly fitted the C P temperature dependence curves under fields from 0 to 90 kOe, and the results are shown in Fig. 2 
(d). Wilson's ratio is defined as the dimensionless quantity
where g is the gyromagnetic ratio in the absence of interactions, k B Boltzmann's constant, l B is the Bohr magneton, and v(0) is the residual magnetic susceptibility at temperature T ! 0 K, e.g., v(0) ¼ v(T ! 0). For a non-interacting Fermi gas, R W ¼ 1. Wilson showed that for the Kondo model, the impurity contributions to v(0) and c give a universal value of R W ¼ 2, independent of the strength of the interactions. 18, 19 Extrapolation of the linear temperature dependence of the inverse susceptibility down to T ¼ 0 K via line fitting simply gives a residual magnetic susceptibility of 1/v(0). The v(0) values are calculated from the above data on 1/v(0), and the results are shown in Fig. 2(a) . The Wilson ratio R W can be determined according to Eq. (2), and the results are shown in Fig. 2(d) . As Fig. 2(d) shows, c is not seriously affected by magnetic field, but it slightly increases as the field increases up to 3 T, and then it slightly decreases. R W has its minimum value at the field H ¼ 3.0 T, indicating a decreasing electronelectron correlation, because the large temperature independent magnetic susceptibility v 0 is in the range of the free electron system. These values of R W (0.6 to 2.16) imply a proper scaling of v(0) and suggest that c exists in the Fermi liquid state.
The degeneracy of the energy states of disordered abnormal spins should give rise to gapless excitations or continuously gapped excitations, which are very beneficial for the magnetocaloric effect (MCE) because (i) they make the spins in the system easier to align under external magnetic field, and the low lying energy and even gapless spectrum create a high entropy ground state, and this plus the large spin potential (S ¼ 5/2) of the Mn 2þ ions make it possible to achieve very high MCE; and (ii) the theoretical moment is 5.9 l B /f.u. for the MnPS 3 system, based on the local magnetic moment model, and the greatest possible magnetic entropy change ÀDS M would be ÀDS M ¼ Nk B ln (2 J þ 1) % 83.15 J/kg K, where N is the number of spins and J is the quantum number of the spin. The value of ÀDS M indicates that the system may achieve a large MCE in the low temperature range.
The isothermal magnetization curves for the MnPS 3 nanoparticles in the temperature range between 2.7 and 24 K under fields of up to 9 T are shown in Fig. 3(a) . Arrott plot (not shown here) analysis indicated that the system did not have any transitions, only spin fluctuations, which confirmed the v and C P results. According to Ref. [20] , the magnetic entropy change (ÀDS M ) can be calculated as a function of temperature for magnetic field changes from 0-1 to 0-9 T, and the ÀDS M results are displayed in Fig. 3(b) . The curves present a characteristic shape with no peak over the entire temperature range, indicating that there is no transition and no long-range ordering of this electron/spin system. The magnitude of ÀDS M , at its maximum, increases with increasing magnetic field up to 4.5, 9.8, and 12.8 J/kg K at 2.85 K under fields of 2, 5, and 9 T, respectively. The magnetization hysteresis loop at 2.7 K (in Fig. 3(a) ) indicates that there is no hysteresis loss and also indicates fully reversible behavior.
Because the heat capacity strongly depends on the external magnetic field, especially in the low temperature range, 20 in order to relatively precisely calculate DT ad (T, H), we recalculated the ÀDS M (T, DH) (DH ¼ 0 to 1, 1 to 2,…, 8 to 9 T) for every magnetic field change of 1 T, and the results are shown in Fig. 3(c) . We then calculated the DT ad (T, DH) according to Ref. [20] , using the measured C P data under relatively different external fields. The DT ad (T, H) data under external field changes of 0 to H can then be obtained, as shown in Fig.  3(d) . The maximum adiabatic temperature change (DT ad ) ¼ 2.8, 5.3, and 8 K at 2.85 K for field changes of 2, 5, and 9 T, respectively. The MnPS 3 nanoparticles show very high DT ad , which satisfies one of the important criteria for selecting magnetic refrigerants (i.e., a large adiabatic temperature change).
The values of ÀDS M obtained for the MnPS 3 nanoparticle system are very large, with no magnetic/heat hysteresis, and the M-H loop at 2.7 K (as shown in the inset of Fig. 3(d) ) indicates full reversibility. ÀDS M is comparable with the values for any reported paramagnetic salts or nanosized garnets, 21 and for well designed molecular nanomagnets 22, 23 for ultralow temperature application, which exhibit second order or first order paramagnetic to ferromagnetic (or antiferromagnetic) phase transitions at a few degrees Kelvin. Furthermore, the ÀDS M and DT ad of the present material are higher than for those materials over the whole temperature range (2 to 20 K).
These properties make MnPS 3 nanoparticles a promising candidate as a refrigerant at ultra-low temperatures.
The crystal structure of single crystal has been characterized very well 1 ; the magnetic lattice has been modeled as Mn 2þ honeycomb arranged antiferromagnetic interaction intra-planar and ferromagnetic coupling inter-planar with an angle of 107.35 . 2 The honeycomb lattice itself might exhibit a highly frustrated state and even an emergent spin-liquid state. 16, 24 The restacked single layers cause distortions in the crystal structure 15 that might vary the spin vectors in the honeycomb spin lattice; give rise to highly frustrated spin states; and/or give rise to delocalized spins, free electrons, and competition due to interactions between these exotic states, leading to the emergence of abnormal magnetic properties.
In summary, microstructure analysis indicated that the nanoparticles were formed by the restacking of molecular layers that were stabilized via H 2 O insertion between the layers. Long-range spin ordering, which exists in the bulk material, is canceled within the range of 2 K to 300 K. Susceptibility (v) measurements and heat capacity results suggest the emergence of a low-lying energy spin state in this system. The actual MCE evaluation indicated that the system has a large reversible ÀDS M of 6.8 and 12.8 J/kg K and DT ad of 3.8 K and 8 K at 2.85 K for field changes of 3 T and 9 T, respectively, and ÀDS m monotonically increases with decreasing temperature, which indicates that MnPS 3 in nanoparticle form is a potential candidate for application in magnetic refrigeration in the ultra-low-temperature range.
